Abstract: This study explored the effect of soil water repellency (SWR) on soil hydrophysical properties with depth. Soils were sampled from two distinctly wettable and water repellent soil profiles at depth increments from 0-60 cm. The soils were selected because they appeared to either wet readily (wettable) or remain dry (water repellent) under field conditions. Basic soil properties (MWD, SOM, θ v ) were compared to hydrophysical properties (K s , S w , S e , S ww , S wh , WDPT, RI c , RI m and WRCT) that characterise or are affected by water repellency. Our results showed both soil and depth affected basic and hydrophysical properties of the soils (p <0.001). Soil organic matter (SOM) was the major property responsible for water repellency at the selected depths (0-60). Water repellency changes affected moisture distribution and resulted in the upper layer (0-40 cm) of the repellent soil to be considerably drier compared to the wettable soil. The water repellent soil also had greater MWD dry and K s over the entire 0-60 cm depth compared to the wettable soil. Various measures of sorptivity, S w , S e , S ww , S wh , were greater through the wettable than water repellent soil profile, which was also reflected in field and dry WDPT measurements. However, the wettable soil had subcritical water repellency, so the range of data was used to compare indices of water repellency. WRCT and RI m had less variation compared to WDPT and RI c . Estimating water repellency using WRCT and RI m indicated that these indices can detect the degree of SWR and are able to better classify SWR degree of the subcritical-repellent soil from the wettable soil.
INTRODUCTION
Most soils express some level of water repellency at particular water contents (Bauters et al., 2000; Cosentino et al., 2010; Dekker et al., 2001; Doerr et al., 2007) , but on wetting, water repellency often decreases with time (Cosentino et al., 2010; Lamparter et al., 2010) Thus, water repellency is a transient rather than permanent property of soil. The time that water repellency persists in soil can range from few seconds to weeks (Clothier et al., 2000) , thereby having a great influence on water infiltration and solute transport (Dekker and Ritsema, 1994; Jarvis et al., 2008) .
Since soil minerals are hydrophilic and wettable, repellency is generally attributed to soil organic matter (SOM) coating these minerals with hydrophobic compounds. SOM also influences other soil properties, particularly aggregation (Chenu et al., 2000; Hallett et al., 2001; Kodešová et al., 2009; Lal, 2011; Urbanek et al., 2014) , so direct links between water repellency and SOM are difficult to disentangle. SOM influences other soil properties. In general, soil bulk density decreases linearly with increase in SOM content (Chaudhari et al., 2013; Haghighi et al., 2010) , whereas porosity and macro-aggregation of soil increase with increase in SOM content (Eusufzai and Fujii, 2012) . The decreased bulk density and increased porosity increase the water-holding capacity and infiltration of the soil, and decrease the potential for runoff, erosion, and evaporation (Shaver, 2010) .
Persistence and severity of soil water repellency can be extremely variable and this has been extensively studied to compare impacts of different land uses, fire and vegetation (Beatty and Smith, 2014; Jordán et al., 2011; Lichner et al., 2012 Lichner et al., , 2013 on surface spatial variability (Diehl et al., 2014; Doerr et al., 2007; Orfánus et al., 2008) . Depth dependent changes of SWR have been also investigated (Dekker et al., 2001 ), but studies on the variation of the extent and persistence of SWR and its relevance to hydrophysical properties throughout the soil profile are limited. Therefore, this study investigated the dependence of soil properties and SWR extent and persistence with depth. It allows an assessment of how SWR governs water flow and solute transport through the soil profile, and thus contributes to a more hydro-pedological understanding of soil profiles as stressed by Vogelmann et al. (2013) .
MATERIAL AND METHODS Study site and sampling
The field site was located in Shahrekord, the capital city of Chaharmahal and Bakhtiari Province, Iran. The study site (32˚ 19' 16'' N, 50˚ 46' 26'' E) lies in a 700 ha area that has very poor vegetation (mostly mosses of Sphagnum genus), currently used as a pasture. Two plots, separated by a distance of 10 m formed the basis of our study. The water repellent soil from the first plot is classified as a Haplic Cambisol (degraded Histosol) (WRB, 2014) and had a silt loam texture (Soil Survey Division Staff, 1993) . The sand, silt and clay contents were 9.12, 73.56, 17.32%, respectively, CaCO 3 content was 18.3%, and pH (in H 2 O) was 7.47 (mean values for the depths 0-30 cm). The wettable soil from the second plot is also classified as a Haplic Cambisol (WRB, 2014) , and has also a silt loam texture (Soil Survey Division Staff, 1993) . The sand, silt and clay contents were 30.53, 62.15 and 5.32% respectively, CaCO 3 content was 30.5%, and pH (in H 2 O) was 8.04 (mean values for the depths 0-30 cm).
To obtain characteristics of the entire profile, samples were taken from 0-60 cm depth (0-10, 10-20, 20-30, 30-40, 40-50 and 50-60 cm) . Thirty aggregates (about 2 cm × 2 cm × 2 cm in size) were sampled at the studied plots and transported to the lab in closed containers to prevent evaporation. Thirty-six intact soil cores (5 cm height × 5 cm diameter) were sampled using a hand auger from the depths of 0-60 cm in each soil and transported to the lab for infiltration experiments.
Methods
Bulk density, BD was determined by the core sampling method (Black and Hartge, 1986) , mean weight diameter of aggregates from a bulk sample by the dry-sieving method (MWD dry ) (Kemper and Chepil, 1965; Le Bissonnais, 1996) , and total porosity was calculated from the bulk density and particle density, PD. Saturated hydraulic conductivity, K s , was determined by the constant-head procedure (Klute and Dirksen, 1986) . Total organic carbon (TOC) content was determined by the wet-digestion method (Walkly and Black, 1934) , and SOM content was calculated as SOM = 1.724 TOC. Soil water content (θ v ) was measured in situ by a TDR instrument (Soil Moisture, 6050X1, Goleta, USA).
The persistence of water repellency was estimated with the WDPT test, conducted in the lab under controlled conditions (e.g., temperature T = 20°C and relative humidity RH = 50%). Field WDPT was measured on field-moist aggregates and the dry WDPT on aggregates dried at 65-70°C for 24 hours. Three drops of distilled water (58±5 μL in volume) were placed onto the soil surface from a standard height of 1 cm above the surface, and the time required for infiltration of each drop was recorded (Lichner et al., 2012) .
The cumulative infiltration I of both water and ethanol against the square root of time t (SQRT t) was measured under a negative tension h 0 = -2 cm with a miniature infiltrometer that has an 2 mm diameter tip on intact soil cores (5 cm high and 5 cm diameter). Infiltration, I during early-time (< 180 s) (Fig. 1 ) was used to calculate sorptivity, S(h 0 ) by S(h 0 ) = I/t 1/2 . Both the sorptivity of water, S w (-2 cm), and the sorptivity of ethanol, S e (-2 cm), were estimated for 3 replicates from each depth. The soil water repellency index, RI, was calculated using the equation (Tillman et al., 1989) :
In this study, RI was calculated from all the pairs of S w (-2 cm) and S e (-2 cm) values with the method presented by Pekárová et al. (2015) . We refer to this as the combined soil water repellency index, RI c .
As can be seen in Fig. 1 , infiltration had a characteristic 'hockey-stick' shape, where the rate increased over time. The water sorptivity S wh (-2 cm) for the hydrophobic state of the crust was estimated from the shallow slope of "hockey-sticklike" relationship at the onset of wetting. The water sorptivity S ww (-2 cm) for nearly wettable state of the crust was estimated from the slope of this relationship after a longer time of infiltration (a straight line, representing the steeper part of hockeystick). The water repellency cessation time, WRCT was estimated from the point of intersection of these two straight lines, representing the hydrophobic and nearly wettable states of the crust.
With these data we calculated the modified soil water repellency index, RI m proposed by Lichner et al. (2013) . This overcomes the limitations of the traditional approach since information on both the hydrophobic and the wettable states of soil are gathered. RI m was calculated using equation:
(2) Fig. 1 . "Hockey-stick-like" relationship of the cumulative infiltration of water (I) against the square root of time t (SQRT t) for the repellent soil. The water repellency cessation time (WRCT) was estimated from the point of the intersection of two straight lines, representing the I = f(SQRT t) relationships for hydrophobic and nearly wettable states of the crust (Modified from Lichner et al., 2013) .
Statistical analysis
The experiment was performed using a complete randomized design with three replicates for all variables. The type of soil (wettable and repellent), and the soil depths (0-10, 10-20, 20-30, 30-40, 40-50, and 50-60 cm) were the independent variables. The studied dependent parameters, some of which were not normally distributed, were normalized using different techniques (e.g. log10, exp, and/or Ln) and checked by the Shapiro-Wilk test. Then, statistical analyses were done using two-way ANOVA (Statistical Analysis System, SAS) and the post-hoc mean comparisons were performed by the LSD test (SAS Institute, 2004) .
RESULTS AND DISCUSSION
Hydrophysical properties of the soils are presented in Table 1 and Figures 2 to 5. These relatively undisturbed pasture soils had low bulk and particle densities (BD and PD, respectively) for both wettable and repellent soils (i.e. depth of 30-40 cm). Clothier et al. (2000) also reported low BD values for water repellent soils with high organic matter, although we also found low BD for the wettable soil with less organic matter. Nesper et al. (2015) also reported low BD values for a productive pasture soil. The calculated porosity (i.e. 55% for the depth of 30-40) was closely correlated with the saturated water content (i.e. 59% for the depth of 30-40, not presented).
The organic matter of the repellent soil was higher than the wettable soil throughout the depth of the soil profile. Sepehrnia et al. (2016) studied these soils and reported SOM was associated with water repellency (p <0.01) at the selected depths, with greatest SOM found where water repellency values were largest. It has been suggested that the relationship between water repellency and SOM is a two-way mechanism, as SOM enhances water repellency of soils, and water repellency protects SOM against microbial decomposition (Goebel et al., 2011) . A positive correlation between SOM and both the degree and persistence of water repellency was also found by Leelamanie (2014) . However, a negative correlation as well as no correlation has also been reported (Doerr et al., 2000) . The explanation for this inconsistency may be that the small amount of hydrophobic compounds necessary to cause water repellency is not proportional to the actual amount of organic matter present in soil (Wallis and Horne, 1992) . Since organic matter may either cover the mineral grains as thin coatings or exist as adsorbed nano-sized microaggregates, a high spatial variability of SWR can be expected at small scales (Bachmann et al., 2013 ).
The wettable soil had a greater θ v than the water repellent soil for 0-30 depth of the soil profile (P <0.05), with the most severe SWR associated with the driest soil. Vogelmann et al. (2013) also reported SWR decreased sharply with an increase in water content. In spite of the differences in the upper part of the soil profiles (0-30 cm), there was little difference between water content of both repellent and wettable soils below the depth of 30 cm (Table 4 and 5). This result might be due to evaporation from soil caused by a water repellent surface (Hallett, 2008) . Keizer et al. (2007) also found that the transient wetting behavior of soil changed significantly due to the increase in soil water content from hydrophobic to hydrophilic within short time periods. Furthermore, Bachmann et al. (2007) have suggested that the water content where the hydrophobic medium becomes wettable with increasing moisture content, Fig. 3 . Combined soil water repellency index (RI c ) for the repellent and wettable field-soils at the studied depths (0-60 cm). 'R' and 'W' denote repellent and wettable soils, respectively. Data are presented as mean and standard deviation of three replicates. increases with SOM content. Therefore, SOM has a transient impact on water repellency, rendering soil hydrophobic when drier than a certain water content, but wettable after long periods in contact with water. MWD dry of the repellent and wettable soils is presented in Table 1 . The repellent soil had greater MWD dry than the wettable soil at all depths except at the surface (0-10 cm). Various factors affect soil aggregate stability (Amezketa, 1999; Sepehrnia et al., 2014; Zamani et al., 2016) but such distinct differences in MWD dry , small BD, and hydrophobicity can be due to multiple effects of organic matter (Table 1) . One driver is the coating of hydrophobic materials around the repellent soil aggregates that would decrease slaking stresses due to a slower inflow of water upon wetting. Vogelmann et al (2013) concluded cohesive forces between the particles of the hydrophobic aggregates act for a long period as a result of slow wetting and lead to an increase in geometric mean diameter, a stability index of water stable aggregates in wet-sieving. The MWD dry was greater for the repellent soil from 10-40 cm depth, where it also showed the greatest water repellency in comparison to the wettable soil. Water repellency, however, is not the only driver of soil aggregate stability.
Texture has a large impact and the results from >40 cm between the two soils show similar water repellency and organic matter, but slightly greater aggregate stability for the water repellent soil with its silt loam texture, compared to the repellent soil with the silty clay texture. Silty soil textures are susceptible to soil management and erosion, as reflected in the small MWD dry values observed.
Most of the hydrophysical variables measured were more irregular throughout the soil profile for the repellent soil compared to the wettable soil. A very interesting finding was the high K s value of the repellent soil at the depth of 30-40 cm, despite this also being where the greatest water repellency was observed. This is likely due to the transient nature of water repellency, as reflected in the WRCT results, and possibly due to the good continuity of pores resulting from greater aggregate stability where greater SOM and water repellency were observed. K s of both wettable and repellent soils decreased markedly at a depth of 50-60 cm. Lamparter et al. (2010) reported hydraulic conductivity of water can be predicted as a function of the SWR (evaluated using contact angle), but our findings do not support this. This shows the wettability states of soil surfaces change with time and are completely complicated and influenced by SWR (Clothier et al., 2000) . Orfánus et al. (2014) reported both sorptivity and early-stage infiltration capacity decreased with increasing water repellency. (Fig. 2) . Dekker et al. (2001) , Täumer et al. (2005) and Bachmann et al. (2013) also reported spatial variation of SWR using WDPT through the soil profile. Johnson et al. (2005) and Madsen et al. (2011) found the variability of SWR was large in both time and space, which commonly attributed to the water content Hallett, 2008) . The values of actual SWR were greater than our measure of potential SWR at all depths of the repellent field-soil. Dekker et al. (2001) examined 2580 soil samples for actual and potential SWR at depths of 0-19 cm to assess the effects of water content, temperature, and season. They also found that actual SWR was more severe than potential SWR in some samples.
The combined repellency index (RI c ) illustrated that the surface depths of the wettable soil exhibited SWR (RI >1.95, Fig.  3 ), although no sign of SWR was observed using the WDPTtest. This shows the high variability and poor sensitivity of the WDPT-method, which is caused by the unsteady-state sorptivity of water due to the small water drop size and heterogeneous distribution of hydrophobic material around soil particles (Cosentino et al., 2010) . The RI c of the repellent soil was greater than the wettable field-soil in the upper profile (0-40 cm), but the RI c discrepancies decreased for the rest of the profile layers where both soils were more wettable. This is also reflected in the decreased organic matter content.
RI m (= S ww /S wh ) was calculated and presented in Fig. 4 . In comparison to WDPT and RI c (Fig. 2 and 3) , the difference of RI m between the wettable and repellent soil, and between depths in the soil profile, was less (Fig. 4) . Nevertheless, RI m values were greater for repellent than wettable soil at all depths (P<0.05). Water repellency of the soil profiles found by RI m followed a ranking to those found using RI c and WDPT, however, normal distribution was seen for RI m through the soil profiles. Moreover, RI m indicated that there were no significant differences between water repellency of the subsurface layers (40-60 cm) of the repellent soil and the layers of the wettable soil (0-60 cm). In other words, RI m showed the wettable soil could be potentially water repellent and classified as a subcritical water repellent soil. This is not surprising, because most soils are classified as subcritical water repellent around the world (Müller and Deurer, 2011) . However, WDPT, and preferentially RI c , did not illustrate whether some of the studied depths were wettable while others were subcritical water repellent. There was no significant difference between the estimated WRCTs with depth in the wettable field-soil profile (Fig. 5) . WRCT was far more sensitive than WDPT, so it could offer an improved approach to quantify water repellency persistence of sub-critically water repellent soils. Goebel et al. (2005) also found slight wetting resistance (subcritical water repellency) in all samples using the capillary rise method, while, results by WDPT showed all samples seemed to be completely wettable. Moreover, the variability of SWR methods in terms of coefficients of variation had the order A-WDPT/P-WDPT>>RI>RI m .
CONCLUSION
The results showed both soil and depth affected hydrophysical properties. The variations of MWD, SOM, θ v as basic physical and, S w , S e , S ww , S wh , WDPT, RI c , RI m as hydrophysical properties were more influenced by water repellency through the repellent soil compared to the wettable soil. WRCT assessment of SWR indices, as methods to detect persistence and severity, illustrated that WDPT and RI c variations were greater than RI m . Although similar trends were found for the SWR indices, RI m was less variable through soil profiles. This study showed two advantages of the RI m (S ww /S wh ) approach compared to the WDPT and RI c as follows: i) normal distribution of RI m through both soil profiles, which had different wettability behavior (proved by RI c and WDPT), provided a better description of the SWR state ii) better determination of real and subcritical repellent soils using WRCT, which is measured directly from the RI m -curves.
